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Applications of Graphene to Photonics

1 Introduction

Graphene is a two-dimensional form of carbon. It forms a hexagonal lattice with hybrid sp? bonding.
Another way to envision graphene is as an unrolled carbon nanotube. The well known three-dimensional
material graphite is formed by sheets of graphene combined in disarray.

Theory for this 2-D carbon structure is not new. A single hexagonal layer of graphite was investigated
in 1947 [1] to help explain the properties of graphite. However, demonstration of the physical properties
from the first isolated graphene monolayer was in 2004 by Geim and Novoselov [2], which subsequently
earned them the Nobel Prize in Physics in 2010. To achieve this isolation, Geim and Novolselov applied
adhesive tape to graphite (highly-oriented pyrolytic graphite, HOPG) to mechanically exfoliate the material.
This essentially amounted to breaking weak van der Waals bonds holding the graphene sheets together.
After performing this exfoliation many times, they produced a roughly 10 xm? graphene monolayer (in
addition, they produced many larger multilayer graphene structures) [2]. This experiment was a catalyst for
the current popular exploration of two-dimensional materials.

Graphene is a potential candidate for integrated carbon-based photonics. Its epitaxial growth makes it
amenable to large-area, industrial processing. In addition, its low-dimensionality and semi-metallic nature
provide a linear relationship of its electrons’ momentum and energy (k o w). This produces relativistic
“massless” carriers and a zero-gap Dirac point at the K and K’ locations of the Brillouin zone. This elec-
tronic band structure provides many unique characteristics for electronics and photonics, some of which
are explored here, and those not discussed demonstrate the untapped potential of graphene (and related
low-dimensionality materials).

While this report attempts to review some of the photonic properties of graphene, other notable reviews
are available on this subject and a few are listed here as a representative (but incomplete). Review articles
describe: graphene photonics [3, 4, 5, 6], graphene electronics [7, 8], and plasmonics[9]. In addition,
significant efforts in other two-dimensional materials, van der Waals solids, and heterostructures may be of
critical interest as well [10, 11].

1.1 Relevant Material Properties

Graphene shows potential for ballistic carrier motion with an inferred mean free path > 2um at room tem-
perature [12], and has an extraordinarily high carrier mobility, > 25,000 cm?/V s, at room temperature. As
a comparison, this is 3x (63x) higher than the room temperature electron (hole) mobility in bulk GaAs, and
17x (56x) higher than the electron (hole) mobility in bulk Si. These bulk, room-temperature carrier mobility
values for GaAs and Si are often used for photodetectors. However, it should be noted that efforts have
been undertaken to increase these values, for example in high-electron mobility transistors (HEMTs) and
two-dimensional electron gasses (2DEGs). This work has resulted in low-temperature (~ 4 K) mobilities
> 107 cm?/V-s in GaAs heterojunction 2DEG [13, 14, 15].

Other physical features which make graphene of interest are its high thermal conductivity (10x copper
and 2x diamond) and high electrical conductivity (100x copper), and high tensile strength (0.13 TPa, 100x
that of steel). Another unique physical property of graphene is that it exhibits fractional quantum Hall effect
due to the collective behavior of its carriers.

The optical properties of graphene are also fascinating, beginning with its universal optical conductance,
wa. This means that the optical conductivity is based upon the fine structure constant, o, which is equal
to the physical constants 47350 %i [mks], or equivalently (e? /2ephc) or (€%cu /2h) [16, 17], where e is the
electron charge, h is Planck’s constant, c is the speed of light in vacuum, and ¢ and pg are the permittivity
and permeability of free space (respectively). This provides graphene with the interesting optical property
of broadband (visible — IR) linear absorption of 2.3% per monolayer.

Manuscript approved June 3, 2014. -1-



Applications of Graphene to Photonics

As an optical absorber, graphene has a high-damage threshold (10 mJ/cm?) [18]. This is similar to the
damage threshold of silicon for similar optical pulse parameters [19]. However, silicon has a 10-pm absorp-
tion depth (at these wavelengths) which causes 2.3% of the light to be absorbed in a 200-nm thickness as
opposed to the same optical absorption in a much smaller 0.3-nm thickness (interplane spacing) of graphene.
Thus, with a similar damage threshold graphene should have a larger density of excited carriers than in sili-
con. For example, using linear absorption a 1000x higher carrier density is created in graphene vs. silicon.

Other notable optical properties include nonlinear optical properties of saturable absorption [20], photoex-
cited hot-carrier dynamics, and optical parametric conversion. The utility of graphene extends to plasmonic
properties that stem from its two-dimensional electron gas (2DEG) and strong surface plasmon polariton
(SPP) coupling in the visible and near IR. Finally, graphene’s demonstration as a THz transistor shows
potential in high-speed electronics/photonics.

1.2 Fabrication

Graphene fabrication is the necessary first step not only in creating graphene but also in determining its
viability for mass production of devices. Graphene may have first been created by Edward Acheson in
the 1890°s while processing carborundum (SiC), although the graphene was unidentified [21]. More recent
(and Nobel prize winning) attempts achieved graphene via mechanical exfoliation in 2004 [2]. This process
can produce graphene with extremely high carrier mobilities > 200,000 cm?/V-s at room temperature.
Unfortunately, these films have a very small area (100 zm?), and this makes it expensive ($10M for 1cm?)
for industrial applications. Also in 2004, a large-area process of epitaxial graphene on SiC was created
(similar to Acheson) [22]. These have been scaled to larger than 4” wafer sizes and exhibit high room
temperature carrier mobilities, 25,000 cm?/V-s [23]. [Note: while this mobility is about 8x lower than the
highest quality exfoliated pieces, it is still 3x (63x) higher than the electron (hole) mobility in bulk GaAs.]
Other industrial scale graphene can be produced by chemical vapor deposition (CVD) to create graphene on
copper and nickel foil sheets, thereby producing inexpensive, large area (30" rolls) [24, 25] at the expense
of lower quality graphene with (for example) lower carrier mobility.

While these are the most popular, several other methods exist including graphite oxidation and subsequent
graphite-oxide reduction, liquid phase sonication and exfoliation, as well as electric arc graphene produc-
tion [26]. In addition, methods have been developed for transferring graphene films to other substrates [27].
This allows implementation on a wider variety of substrates and increases graphene’s application by allow-
ing operation on (and interaction with) various semiconductors, insulators and metals.

1.3 Graphene’s potential: carbon-based electronics and photonics

Graphene boasts the potential for ballistic carrier transport, i.e. its carriers propagate via diffraction (like
optical light in a waveguide), rather than by carrier diffusion as is common with carriers in conventional
semiconductors. This potential for ballistic transport along with graphene’s other electronic transport prop-
erties spark an interest for its use in carbon-based electronics. Processing graphene into devices can be
achieved by conventional Si-fabrication technology. In addition, due to its thickness and material proper-
ties, graphene is flexible, and (as previously mentioned in the fabrication section) can be transferred to other
substrates. This enables a graphene coating on optics and other structures. Thus, graphene’s mechanical,
electronic, and photonic properties can be exploited on nearly any substrate. These graphene-based designs
can be extended to autonomous, self-powered devices by using graphene as a photovoltaic solar-cell.
Together with its remarkable optical properties of a broadband response from the UV through THz,
high-speed photodetection can now be achieved on any substrate or object by transferring a graphene film.
Graphene devices have been fabricated for use as nonlinear optical and photonic devices: such as for sat-
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urable absorbers, optical modulation, optical gating, to name a few. Recently, an all-graphene photonic
integrated circuit was demonstrated using plasmonics [28]. The potential of this material in photonics is
only beginning to be realized. The next section will examine graphene’s current and potential uses in pho-
tonics.

2 Graphene Photonics

As with electronics, the present and future of photonics seems to be shrinking, namely, in device size. In
this paradigm, two-dimensional graphene is showing future promise in these devices and systems. For high-
speed optoelectronic devices graphene’s high-carrier mobility [16] is a benefit. Applications in a variety of
spectral regions will gain from graphene’s broad spectral absorption [17]. For applications requiring robust
photonic and nonlinear optical structures graphene’s high optical damage threshold [18] and mechanical
strength [29] will be paramount. In addition, the ease of graphene’s transfer to other substrates and its
ability to conformally coat surfaces make it ideal for integrating hybrid photonic systems.

This section aims to provide a basic understanding of graphene’s use in photonic devices. This is broken
into five parts: 1) Photodetection, 2) Electro-optic modulation, 3) Optical polarization, 4) Plasmonics, and
5) Nonlinear optical properties and devices.

2.1 Photodetectors

Three main categories of photodetectors have been created using graphene. In the first category photons
couple to electrons producing an electronic response, which describes photovoltaic style detectors. A second
category involves coupling photons, electrons, and phonons and results in hot-electron bolometers. Finally,
a third embodiment utilizes a hybrid graphene photodetector: one material absorbs light (e.g., quantum dots)
and is integrated onto graphene to exploit graphene’s carrier collection and transport properties.

In Figure 1 some of the graphene photodetectors discussed in this section are compared with each other as
well as with commercially available photodetectors. Responsivity is used as a figure of merit for comparison
with telecommunications. However, responsivity is a function of wavelength (R = n\/1240 [A/W], for A
in [nm]), thus, a dotted line denoting a 100% quantum efficiency (n = 1) adds a reference for this spectral
comparison. Fast graphene photodetectors have responses < 1 ns and are denoted with a red color, while
those in blue represent slow responses of > 1 second. The commercial photodetectors (Si, Si APD, and
InGaAs) all have fast responses < 1 ns. The following sections describe each of the three styles of graphene
photodetectors (photovoltaic, photothermal, and hybrid) in detail.

2.1.1 Photovoltaic Detectors

An amazing aspect of graphene is its large absorption of light over a broad spectral bandwidth (from the
ultraviolet to the far infrared. For it’s 0.33-nm monolayer thickness it absorbs roughly 2.3% of the incident
light. This makes it 10-1000x more absorbing than semiconductors, such as Si and GaAs, while covering a
much broader spectral bandwidth. These properties make graphene potentially attractive as a photovoltaic
solar cell [30]. Furthermore, a thin and flexible graphene solar cell can also be transferred onto a variety of
substrates such as optical lenses and mirrors [27, 31].

While absorption in graphene is large for a monolayer, graphene still transmits 97.7% of the incident
light. Unlike most materials, graphene forms in a continuous monolayer. Thin metals (e.g. conductors like
Au, Ag, etc.) do not form a continuous layer, instead forming into islands that eventually connect once an
average thickness of about 10 atomic layers are deposited. Thus, graphene’s continuous monolayer makes
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Figure 1: Spectral responsivity of graphene photodetectors compared with commercial photodetectors.
Dotted line shows 100% quantum efficiency, n = 1, as a function of wavelength. Red and green colors
denote < 1-ns response times, while the blue color denotes > 1-second response times. The graphene
photodetectors are labeled with their reference number [in brackets] as well as a brief description of the
photodetector style: planar MGM (metal-graphene-metal), optical resonant cavity, waveguide device
and hybrid graphene photodetector. The commercial photodiodes, shown in green, are Hamamatsu
models S9055 (Si), S8664 (Si APD-avalanche photodiode), and G8195 (InGaAs).

it valuable as a optically transmitting electrode. Furthermore, graphene monolayers are extremely durable,
with a 1-TPa Young’s modulus and 0.13-TPa ultimate tensile strength (100x that of steel) [29]. As a robust,
conductive, continuous monolayer that can be transferred to other materials, graphene has shown increased
performance as a transparent (97.7%) electrode replacement for indium tin oxide (ITO) in solar cells [32].

In addition to detecting continuous light, photodetectors are also needed for measuring pulses of light.
For detection of picosecond and subpicosecond optical signals, photovoltaic detectors are frequently made
from materials with high carrier mobilities. Often there are tradeoffs between mobility and efficiency. For
example, GaAs has high-mobility electrons but suffers from much lower mobility holes which limit the
device speed. To achieve higher speed operation unitraveling-carrier devices effectively remove the hole
response [33]. Similarly low-temperature grown materials effectively trap the slower carriers [34, 35], at the
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cost of reduced collection efficiency, although this can be mediated by a geometry using the low-temperature
material as a gate [36].

In graphene, several high-speed photovoltaic detectors have been created. Detection of 40-GHz wave-
forms has been demonstrated with single layers of graphene [37]. An upper limit of 500-GHz was predicted
after measuring the device’s parameters, although the fabricated device and measurement system limited the
tested device to 40 GHz. A high-speed graphene photodetector was fabricated using standard design and
lithographic processing used in high-speed metal-semiconductor-metal (MSM) photodiodes, in this case
a metal-graphene-metal (MGM) detector (see Figure 2). This device showed digital telecommunication
operation of 10-Gbit/s at 1550nm [38].

Unlike the complex vertical growth needed for p-i-n photodetectors, the planar fabrication used in the
MGM detectors makes this design very easy to implement by merely substituting graphene for the semicon-
ductor photon absorber. Unfortunately, this is not an ideal geometry for an efficient graphene photodetector
for a number of reasons. Graphene is a semi-metal (not a semiconductor) and it absorbs only 2.3% of light
per monolayer, which is large for a monolayer but inefficient for a photodetector. In addition, the process for
collecting the photogenerated electrons is lower than expected [39] and more work is needed to understand
the physical mechanisms involved. To improve carrier collection, several groups have experimented by
varying the work function of the metal contacts to increase collection of the photo-generated electrons [39].
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Figure 2: MGM photodetector drawing and fabricated structure along with its photocurrent response at
1550nm (from [38]).

Responsivity is a measure of the electrical output for a given optical input. The maximum responsivity
varies with wavelength (\) and with the conversion efficiency of photons to detected electrons (or quantum
efficiency, 1), and is described by the equation R = nA/1240 [A/W], for A in nanometers. Thus, assuming
100% quantum efficiency, the maximum responsivity Rmax = 0.69 A/W at A = 860nm, and Rmax = 1.25
A/W at A = 1550nm.

While these MGM detectors have incredibly broadband spectral detection (graphene absorbs in the UV,
visible, near and far IR), these MGM style detectors have low responsivity due to the 2.3% monolayer
absorption. Responsivity improvements using resonant-cavity enhanced (RCE) detectors have improved the
MGM’s 5 x 10~ [37] A/W to 0.02 A/W (at 860nm) [40] (see Figure 3). RCE devices, however, reduce the
broadband optical detection, in this case to about +10 nm, full-width at half maximum (FWHM).
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Figure 3: A graphene microcavity photodetector traps light using distributed Bragg mirrors in a mul-
tipass cavity containing graphene. This cavity multiplies the absorption of a single graphene layer,
thereby increasing responsivity at the expense of the cavity’s spectral bandwidth (from [40]).

Ferreira et al. predict 100% absorption by employing two optical cavities [41]. The predicted absorption
is not for the 100% of the incident light, but only for the light which is coupled into the optical system.
This optimized two-cavity system is comprised of a half-wavelength cavity coupled to a quarter wavelength
cavity, although this significantly restricts the spectral bandwidth to about 5 nm FWHM [41].

Another method for increasing the responsivity is to place the graphene on an optical waveguide and then
couple the waveguide’s evanescent field into the graphene. This waveguide detector provides large (100
pm) interaction lengths in comparison to the monolayer interaction lengths of in the MGM and RCE based
detectors. The optical waveguide limits the optical spectrum (similar to RCE devices) to the modes guided
in the optical waveguide, as well as to those modes whose evanescent field strongly couples to the graphene.

In addition, high-speed operation requires group-velocity matching of the optical and electrical signals.
Gan ef al. have demonstrated a > 20-GHz waveguide photodetector (see Figure 4) with a responsivity
exceeding 0.1 A/W over a range of wavelengths, from 1450 to 1590 nm [42]. The calculated graphene
absorption from Gan et al. was approximately 0.08 dB/um, and the optical loss coupling into the waveguide
was > 3dB. These waveguides need strong evanescent-field coupling to the graphene, so they often employ
sub-micron dimensions which requires more complex fabrication and optical coupling. This can lead to
high optical insertion losses. In addition, the broad optical absorption spectrum of graphene is limited to
those optical wavelengths that are guided in the waveguide.

2.1.2 Photothermal Detectors

Bolometers are at the heart of photothermal detection. In bolometry, the absorption of incident photons is
converted into a change in temperature, often observed by a change in the material’s resistance. A bolometer
usually employs a small mass to absorb the incident energy. This small mass is coupled to a larger mass,
the thermal bath, creating a temperature difference between the two masses. This difference is controlled
by the smaller mass’s thermal capacity as well as by thermal conductance linking the small mass and the
thermal bath. Several methods of thermometry can detect the rise in temperature, and thus the quantity of
absorbed radiation. Bolometers can be made from metals, semiconductors and superconductors, and usually
have their optimal performance at low temperatures.
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Figure 4: A silicon waveguide detector uses a graphene film on top the waveguide as an absorber and
achieves an increase in photocurrent over normally-incident photodetection by effectively increasing the
photodetection volume by increasing the length of the waveguide. (from [42]).

Instead of using two discrete masses, bolometers can use electron and phonon temperatures as the two
coupled systems. These are known as hot-electron bolometers and the coupling between the two systems is
linked by electron-phonon coupling. Under optical excitation, photo-excited carriers gain energy and relax
by radiative and nonradiative mechanisms. In the non-radiative mechanism the excited carriers can transfer
this energy to the phonons through electron-phonon coupling. This happens on picosecond time scales.

In graphene, as in semiconductors, there is a fundamental difference in carrier dynamics between cw and
pulsed optical excitation [43]. When photons are absorbed in a material, their energy is transferred to the
electrons and phonons. An equilibrium condition in the material can be represented by demonstrating that
the electron and phonon subsystems are at the same temperature, and are also at the same temperature as
the substrate. Nonequilibrium conditions can exist in which the electron and phonon subsystems are not
in equilibrium with each other and/or not in equilibrium with the substrate. These are referred to as hot-
electrons or hot-phonons to indicate that these subsystems can be represented by an elevated temperature
with respect to the substrate. Energy transfer occurs between the subsystems and substrate to equilibrate the
system. These non-equilibrium conditions usually exist only for short times (e.g., femto- to pico-seconds)
before equilibration. Thus, the nonequilibrium conditions are exacerbated by short optical pulse excitation.
Excitation with cw light causes only a small increase in electron temperature, while pulsed optical excitation
causes a dramatic increase in the carrier temperature, > 1000K above the lattice [44]. Hot-carriers generated
by pulsed excitation will decay via optical and acoustic phonon cooling.

A hot-electron bolometer was recently created with graphene. As the name implies, this device exploits
the electron temperature. Hot-electron bolometers usually work in non-equilibrium excited-carrier regimes
in which the electron, phonon and substrate temperatures are not in equilibrium. In graphene, the rapid
absorption of light in the electronic system combined with the weaker electron-phonon coupling allows a
large non-equilibrium temperature between the electron and phonon subsystems. This is enhanced by the
low electron heat capacity in graphene. The change in resistance as a function of the electron heating was
measured in bilayer graphene (see Figure 5), and produced a voltage responsivity of 2x 10° V/W with a noise
equivalent power of 33 fW Hz /2 at 5K [44]. This hot-electron bolometer had a sub-nanosecond temporal
response (0.1-0.25 ns). These features make this device competitive with commercial silicon bolometers.

To this point, graphene has been assumed to be a simple semimetal absorber. The Fermi level is assumed
to be at the Dirac point in the band structure. However, the Fermi level can be moved to dope the graphene to

-7-
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Figure 5: Drawing of a bilayer graphene hot-electron bolometer with dual gating along with its re-
sponse to ~ 4 W of 10-um-wavelength incident light showing a voltage responsivity of 2 x 105 V/W,
(from [44]).

make it either p- or n-type. High-speed photodetectors can be created by making p-n junctions in multilayer
graphene. By creating a p-n junction in graphene, Sun et al. used pump-probe spectroscopy coupled with
scanning photocurrent microscopy to evaluate the effects of optical phonon, Peltier, and acoustic phonon
cooling (see Figure 6). This technique indirectly measured a 1.5-ps temporal response (at room temperature)
caused by hot-carriers (rather than phonons) in multilayer graphene with p-n junction photodetection [43].
This provided a fast graphene photodetector based on the p-n junction rather than the metal-graphene-metal
type of photodetector previously mentioned in the Photovoltaic Detectors section.

Objective ﬁ
lens P . ’7
—

)
Dy

Photocurrent (normalized)

!
Vig=7.54V ‘ —<— 170pW

T T T
-90 -60 -30 0 30 60 90
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Figure 6: Schematic of a graphene hot-electron bolometer by applying top and back gate voltages to
create a tunable graphene homojunction whose configuration (n-p, n-n, etc.) is shown as a function of
top and back gates. A picosecond signal is demonstrated in response to an applied 250-fs optical pulse.
(from [43])

Recently, Fong and Schwab directly measured the electron-phonon coupling in graphene and determined
the heat capacity of graphene’s 2D electron gas [45]. From these measurements, they estimate a tempera-
ture resolution limit determined by the thermodynamic fluctuations of the energy of the electron gas. An
estimated sensitivity on the order of 10729 W Hz~1/2 is claimed for these devices at low temperature [45].
In addition, the rapid thermal time constant could provide a 105 bandwidth improvement over current de-
tectors. While 10x less sensitive than new superconducting photon counters, a 7x energy resolution is ex-
pected making graphene a potential low-flux THz photon counter [45], based upon concepts of Karasik and
Sergeev [46]. With these attributes, graphene has potential for far-infrared or submillimeter-wave astron-
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omy, with the possibility of photon counting at frequencies as low as 800 MHz, thus, enabling exploration
of quantum experiments with microwave photons [45].

2.1.3 Hybrid-graphene photodetectors

In the previous photodetection methods, graphene was used as an absorber in the photodetector. However,
recent hybrid photodetectors have used another absorbing medium while using graphene to collect and
transport the photo-generated carriers. For example, a thin film of colloidal quantum-dots, with strong and
tunable light absorption, cover a graphene monolayer (see Figure 7). Graphene’s high-mobility together with
the trapped-charge lifetimes in the quantum-dot produced a photodetector responsivity of 107 A/W [47].

e-h generation in quantum dots
Graphene |

Graphene doping induced by trapped carriers
Graphene ntt

0.015 4

0.01+
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Figure 7: A hybrid photodetector using PbS quantum dots as the photodetection transducer changing
incident light into mobile carriers. As shown in the energy-band diagram, electrons are trapped in the
dots while holes are transferred to the graphene and produce a photocurrent (from [47]).

In another example a monolayer of graphene is coated with titanium that is processed into a graphene
quantum-dot-like-array and mid-gap states are formed for carrier trapping. This produces a responsivity
of 8.61 A/W in a relatively broadband photodetector (visible to near-IR) due to impact ionization in the
quantum dots and the long lifetime of the traps [48]. In this case, the demonstrated operation speed is slow
(< 10 Hz), and photocurrents are < 200nA, however, the high responsivity makes this a useful device for
measuring low-level broadband signals.

Research is underway to functionalize graphene’s surface with other elements and molecules. As hybrid
photodetectors, these designs may begin to form a gray area between photodetectors and sensors.

2.2 Electro-optic Modulation

Modulation of light is needed in many photonic applications. Materials can be used for electro-optic mod-
ulation of light if some characteristic of the light (amplitude, polarization, etc.) can be modified by an
applied electric field or injected current. Electro-optic modulation is commonly achieved by several popular
methods, such as 1) an electro-optic material (electric-field terms of a material’s nonlinear susceptibility), 2)
an electro-absorption material (absorption characteristics are electrically modified), 3) electrically induced
modulation of an optical material’s refractive index (e.g., electric field or current injection modifies carrier
density producing a carrier-refraction effect), 4) electrically induced thermal variations which modify an
optical material’s properties.

A graphene-based electroabsorption (EA) modulator was experimentally demonstrated by depositing a
graphene monolayer on an optical waveguide [49]. The highly-confined optical field in the Si/SiO waveguide
interacted with the graphene and oxide cap through the evanescent field (see Figure 8). An electric field
has been shown to modify the conductivity, electron-phonon coupling, work function and Fermi level in
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graphene [2, 50, 51]. Liu et al. used an electric field to tune the Fermi level of a graphene sheet, thereby,
changing the optical conductivity/absorption and creating an optical modulator [49]. Through this technique
they obtained an electroabsorption modulation of 0.1 dB/um, demonstrating a device with a small footprint
(25 pm?). Greater than 1-GHz modulation frequency was obtained over a broad optical bandwidth (1.35-
1.6pm). In addition, the modulation was polarization sensitive since the graphene interacts only with the
in-plane electric field of the evanescent optical wave.

EA modulators are common in optical telecommunications as they often operate with a lower voltage bias
than those modulators made with electo-optic materials. The operation of EA modulation is often achieved
by shifting absorption energies, usually in semiconductors and quantum-confined structures by employing
the Franz-Keldysh or Quantum-confined Stark effects. One drawback of EA modulators is their absorbed
optical power can limit device operation. However, graphene’s high thermal conductivity may overcome
this potential limitation by rapidly carrying the heat away from the device.
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Figure 8: Schematic diagram and cross section of the optical mode in an graphene-based EA modula-
tor along with a plot of the E-field modulation of optical transmission with the energy-band diagrams
explaining the field-induced shift in Fermi level, E'r (from [49]).

In another recent experiment, the optical transmission of graphene was modulated using coplanar elec-
trodes on multilayer graphene [52]. This simple experiment merely placed a voltage between the electrodes
and measured a small (few percent) change in the optical transmission over a broad optical bandwidth (vis-
ible region). The modulation was slow (on the seconds time scale) and allows higher harmonics of the
modulation frequency through. Further work is needed to understand the physics of this effect, however, it
is such a simple concept that it may be widely applicable.

Another method for light modulation was recently demonstrated using reflection in the mid-infrared and
THz region. By applying a magnetic field on multi-layer graphene structures, the inter-layer coupling was
investigated by polarization-sensitive magneto-optic Kerr spectroscopy [53]. The experiments observed
cyclotron resonant Kerr features that demonstrated optical reflection induced by an external magnetic field.
The understanding gained from this experiment suggests the potential for replacing the external magnetic
field with an electrostatic gate [53].

All of these discoveries in electrically-induced light modulation by graphene have occurred within the

past few years. This may be only the beginning for unlocking the potential of electrically-induced light
modulation by graphene.
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2.3 Polarizers

Applying graphene on top of optical waveguides allows the optical field to evanescently couple to the
graphene. This was mentioned earlier in the both the waveguide-based graphene photodetectors as well
as the waveguide-based graphene electroabsorption modulator. The same method is used (without an ap-
plied electric bias) to create an optical polarizer. The polarization (as discussed earlier) arises only from
graphene interaction with the in-plane electric field of the evanescent optical wave. This technique was
demonstrated in a single-mode optical fiber which had been polished to the fiber core producing a flat region
upon which the graphene was transferred [54]. The propagation distance, L, was defined as the length of
covered by the graphene film. At a wavelength of 1550 nm, increasing L from 2 to 7 mm caused polariza-
tion extinction ratios to increase from 22 to 27 dB. The measured polarization extinction from monolayer
graphene was nearly the same as when few-layer graphene was deposited on the fiber. Polarization over
a broad spectral bandwidth (from 400-2000nm) was obtained (see Figure 9). TE and TM coupling to and
absorption by the graphene was discussed as the waveguide’s polarization mechanism, with a maximum
polarization extinction ratio of 27 dB [54].
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Figure 9: Schematic diagram of the polished fiber with graphene (Ls = 2—7 mm) laid across the core
and a plot of the transmitted polarization as a function of wavelength (from [54]).

Other graphene-based optical polarizers have been created by coupling to surface plasmon polaritons
(SPP) in the graphene. In one case, an attenuated total reflectance geometry was considered with graphene
at the total-internal-reflective surface [55]. When a resonance condition is met between the incident elec-
tromagnetic (EM) wave and the polariton mode in graphene, then a SPP is excited in graphene and the
reflectivity of the EM wave is reduced. The coupling of both TE and TM polarization are possible depend-
ing on the imaginary part of the complex conductivity for the effective dielectric material surrounding the
graphene. In addition, the position of the Fermi level in graphene can influence this coupling, so adding
a voltage bias to the graphene may allow tuning of the polarizer. The degree of polarization can then be
controlled by varying the applied voltage. The authors mention the use of this for a tunable polarizer in
the THz frequency range [55], however, it could also be possible to use this as a THz modulator. Finally,
since this is a theoretical study it is potentially applicable to optical frequencies with appropriate dielectric
materials.

2.4 Plasmonics

Plasmonics have the ability to couple light into nano-structures that are smaller than 1/10 of the wavelength
of light. This is very attractive since it affords the opportunity of light and matter interactions on a deep

-11-



Applications of Graphene to Photonics

sub-wavelength scale. For photonics this allows integration of light and electronics, enabling plasmonic
lenses [56], focusing to the nanoscale [57], and engineered metamaterials [58]. In addition, the confinement
allows electromagnetic field enhancements and can provide extraordinary nonlinear optic and electronic
phenomena [59].

Plasmas are many-body carrier effects which arise through resonant collective oscillations of lightly
damped carriers. These effects can occur in free-electron systems: gases (ionization and conduction in
discharge tubes, e.g. Neon), metals, and doped semiconductors (highly doped and/or inversion layers).
In graphene, quantized plasma modes (plasmons) are confined to the surface and interface between the
graphene and the surrounding dielectric, thus, surface plasmons are considered. The coupling of light with
the 2D carriers can be described by surface plasmon polariton (SPP) (the term polariton derived from, “cou-
pled electric polarization-photon waves”’[60]). Depending on the material, the “light” ranges from THz to
UV wavelengths, so this is attractive for many areas of photonics including sensing, imaging, and commu-
nication.

Graphene has unique properties which make it a useful plasmonic material. As a semi-metal, graphene’s
carrier concentration can be changed (unlike metals). This provides an opportunity for tuning the plasmon
resonance. For example, an applied gate voltage could be used to tune the carrier concentration, thereby
tuning the plasmonic behavior [61].

In addition, graphene’s carriers are confined to two-dimensions, however, this 2D system lives in a 3D
world and therefore adjacent dielectric materials influence its response. This can be used in addition to the
(previously mentioned) gate voltage to tune the plasmon resonance. In addition, epitaxial graphene on SiC
shows dramatically different behavior than that of suspended graphene [62]. This is explained by the high
doping of graphene caused by the SiC substrate which influences (through contributions to the electronic
dispersion) the coupling between the graphene’s plasmon and SiC’s surface optical phonon.

The massless Dirac fermions in graphene have a linear electronic dispersion, but graphene’s plasmons
have a nonlinear dispersion relationship. Long-wavelength plasmons in a Dirac system have a frequency
proportional to 1/ VI in all dimensions (1D, 2D, or 3D) [63]. This is a non-classical result and differs
dramatically from the long-wavelength plasmon frequency in a classical two-dimensional carrier system. In
addition, the plasmon frequency in graphene exhibits a fourth root carrier density dependence (wy o< /n),
as opposed to the square root dependence in other two-dimensional electronic systems [64]. Besides their
differences there are similarities to classical plasmons. One example is that graphene’s long-wavelength
plasmon dispersion is proportional to the square root of the wave vector (w = wo/q), as shown in Figure 10
where at low-energies (long-wavelengths) the dispersion matches the quadratic dependence of the Drude
model (shown as dashed lines).
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Figure 10: A contour plot illustrates plasmon dispersion in doped graphene. The contours show the
magnitude of the Fresnel reflection coefficient as a function of Fermi level. These demonstrate the
quadratic dependence on plasmon energy with the dashed lines corresponding to Drude model. The
inset shows the propagation distance, in units of the surface plasmon wavelength (from [65]).
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Unlike plasmons in metals which tend to be lossy with resonances confined to the visible and UV,
graphene’s properties allow lower losses and operation in the infrared and THz [58, 65]. This is due (in
part) to graphene’s tight confinement of the surface plasmon polariton guided mode. This attribute enables
a large ratio of the plasmon wavelength to the free-space wavelength, and enables long plasmon propaga-
tion lengths [58]. For example, a 10-um free-space wavelength (30 THz) can couple to a graphene SPP of
144-nm wavelength, representing a 69x compression in size of the free-space-optical mode to SPP-guided
mode. Also, the propagating length of this guided SPP, defined by the imaginary part (loss) of the SPP
wavenumber, is 2.25um, which represents 15.6x its SPP wavelength [58]. This length is long enough to
create plasmonic devices, while also ensuring isolation between adjacent devices.

Based-upon these fundamental properties, a variety of applications have been devised utilizing graphene
plasmonics, such as optical polarizers, optical modulators, and photodetectors. This was previously men-
tioned in the case of the of tunable polarizer, where electro-magnetic waves coupled to graphene’s SPP [55].

Plasmonic resonances in the mid-infrared, 900-2500 cm~! (4 to 11 pm) were observed by creating
graphene nano-structures. Nanoresonators were fabricated in the mid-infrared using 15- to 80-nm width
graphene structures formed into arrays [66]. The experimental results provided the ability to calculate
the dispersion relations of graphene plasmons in this mid-infrared spectral region. In addition, graphene’s
charge density was altered by applying an external voltage bias to these back-gated structures, and this cre-
ated another mechanism (besides adjusting graphene’s width) for altering the plasmon resonances [66]. The
shifting of plasmon energy as a function of width and applied bias are shown in Figure 11.
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Figure 11: Optical transmission through graphene plasmonic nanoresonator arrays show both surface
plasmon phonon polariton (SPPP) and graphene plasmon (GP) peaks. The vertical axis represents the
change in optical transmission normalized to the optical transmission at the Dirac point, or charge neu-
tral point (CNP). The position of the resonances change as a function of (a) resonator width, and (b)
applied back-gate bias, shown here as a shift in the Fermi level of graphene, for a 50-nm wide structure
(from [66]).

Another graphene plasmonic system was published earlier this year demonstrating an all-graphene pho-
tonic integrated circuit [28]. Normally graphene is integrated with semiconductors to produce photonic
circuits, but in this case only graphene is used. A polymer coated substrate is used as a base to support the
graphene. The incident 1550-nm light is coupled to a graphene plasmonic waveguide, and is guided to a
graphene photodetector. The system only shows an ~ 40-ms time response, however, this is the first all-
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graphene photonic integrated circuit [28]. This demonstration provides impetus for a new class of low-cost,
2D photonic integrated circuits.

2.5 Graphene as a Nonlinear Optical Device

Graphene possesses a nearly wavelength independent linear absorption from the visible through the far
infrared while absorbing a large amount (2.3%) of light per monolayer [17]. With a finite number of quantum
states in the monolayer, graphene exhibits a nonlinear saturation of its optical absorption at relatively low
saturation intensities [20]. This is due to the Pauli exclusion principle, which allows only two Fermions (spin
up and spin down) to simultaneously occupy a single quantum state. Thus, by Pauli’s principle potential
absorption pathways are blocked producing a saturation of the absorption, thereby making graphene more
transparent (less absorbing) under high optical irradiance. This saturable absorption effect is well known
in nonlinear optics, but occurs at a low-threshold for graphene, due to graphene’s large optical absorption
coefficient. This effect in graphene was first experimentally demonstrated in 2009 and was used as a mode-
locking element for a fiber laser [67].

Degenerate femtosecond optical pump-probe spectroscopy utilizes two optical pulses of the same wave-
length with a large-fluence pump pulse and a time-delayed lower-fluence probe pulse to measure a temporal
change in material properties. To measure the temporal behavior of the saturable absorption in graphene
800-nm-wavelength, 100-fs optical pulses were applied in a degenerate optical pump-probe experiment.
Before the pump pulse arrived there was no change in transmission of the probe pulse, but for < 100-fs dur-
ing the application of the pump pulse the graphene sample increased its transmission by 2% when subjected
to a 25-pJ (9 MW/cm?) pump pulse, Figure 12. Graphene’s recovery to the steady-state transmission is
described by a 0.15-ps exponential decay. Measured saturation intensities of 0.6 to 9 MW/cm? are common
for multilayer graphene saturable absorbers [67, 31].
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Figure 12: Optical pump-probe spectroscopy examines the multi-layer graphene sample’s response to a
100-fs optical pulse and demonstrates saturable absorption with a transient (subpicosecond) 2% increase
in transmission, above the steady state transmission (from [31]).

Theory predicts graphene’s performance as a saturable absorber into the mid infrared, and experiments
demonstrate its performance out to 2-um wavelengths [20, 31]. This is useful since relatively few semi-
conductor saturable absorbers (SESAMs) have been created in the mid-infrared region (e.g. wavelengths
beyond 2.2 pm). The semiconductor saturable absorber materials used in this region are GaAs [68], In-
GaAs [69], GalnSb/GaSb [70] and InAs/GaSb [71, 72, 73]. In addition, graphene has been reported to have
larger modulation depths and lower saturation intensities than SESAMs [67].
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Another beneficial attribute of graphene for use as a nonlinear optical material is its high optical dam-
age threshold (near 100 GW/cm?) [18] to allow saturable absorption without concern of damaging the
graphene. In addition, graphene is a flexible thin film and can conformally coat materials. This enables
bonding graphene devices to optics (e.g., mirrors) to produce integrated nonlinear optical devices, such
as wavelength-independent saturable absorber mirrors (SAM). This is unlike conventional semiconductor
SAMs which are engineered for specific wavelengths and are difficult to engineer at wavelengths longer
than 2 pum (due to material issues). Thus, graphene may play a future role as a SAM for creating mode-
locked lasers in the mid-IR region [31].

To investigate graphene’s nonlinear susceptibility, third-harmonic generation (THG) experiments were
performed. Graphene exhibited a strong THG when the excitation is in three-photon resonance with graphene
at the M-point in its Brillouin zone [74]. At these high energies, graphene’s bandstructure is no longer lin-
ear. A van Hove singularity at this point forms and creates a large joint density of states which leads to this
significant optical response. The THG signal is over 100x larger than in glasses, and is polarization selective
allowing determination of graphene’s in-plane and out-of-plane nonlinear optical response [74]. Since the
THG signal is in the UV spectral region this provides a unique method for identifying graphene monolayers.
One such simple graphene identification system could use an 800-nm laser to excite the graphene and image
the area with an optical filter that blocked 800-nm but passed the UV wavelengths. This system would have
virtually no background scattered light since the excitation is in the visible or near infrared, and since there
is relatively little stray UV light in the laboratory environment. This method of identifying graphene is sim-
ilar to observations using multi-photon fluorescence microscopy, thereby allowing graphene’s identification
through modification of commercially available systems. In addition to identifying graphene monolayers,
this THG technique provides insight into the physical dielectric properties of graphene.

Finally, another attraction to graphene as a nonlinear optical material is its reduced dimensionality, leading
to reduced carrier density, as well as its linear density of states (DOS) as a function of energy. Applications
including optical switches, gates and bi-stable devices may operate at lower power and over greater spec-
tral bandwidths due to graphene’s physical properties. Other potential fields for future graphene nonlinear
optical devices include optical limiters and photothermal detectors.

3 Summary and Future Potential

The unique physical properties of graphene, and other 2D materials, enable a wealth of opportunities in
photonics. Typically many electronic, photonic, and optical devices have been designed using bulk material
properties which are often modified by surface effects. However, graphene is all surface with no bulk, and
this (in part) is what makes the material so exciting. Its reduced-dimensionality and semi-metallic nature
provide a linear energy-momentum dispersion with “massless” carriers and a zero bandgap Dirac point.
These properties also enable graphene to exhibit fundamental physical effects like the fractional quantum
Hall effect and universal optical conductance, which provides graphene with the interesting optical property
of broadband linear absorption of 2.3% per monolayer.

Some of graphene’s recent applications are in: electronics (FETs, touch screens, flexible electronics),
optics (filters and saturable absorbers), photonics (photodetectors, polarizers, modulators), and plasmonics
(sub-diffraction-limit photonics, polarization control and strong surface plasmon coupling in near IR for
telecommunications). Graphene can be fabricated as large-area, mono- and multi-layer films. It can be
processed into devices with conventional lithographic fabrication technology.

This report aimed to provide a basic understanding of the application of graphene in photonic devices,
specifically for photodetection, optical modulation, optical polarization, plasmonics, and nonlinear optical
devices. For these applications, graphene has notable properties that include high carrier mobility [16],
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broad spectral absorption [17], high optical damage threshold [18], as well as low-irradiance nonlinear
optical effects [74, 31].

Graphene is a candidate for carbon-based photonics [28] as well as photonic integrated circuits (PICs).
This is primarily due to graphene’s physical properties in three areas: electrical, mechanical, and optical.
The photonic attributes in these three areas are summarized below.

Electrical: graphene furnishes electronic devices with its high carrier mobility and high conductivity (both
thermal and electrical), and potential for ballistic carrier transport (carrier propagation like optical
light in a waveguide).

Mechanical: graphene is strong yet flexible. Also, it can be transferred to conformally coat optics and other
structures, thereby, imparting graphene’s mechanical properties and creating hybrid materials.

Optical: the broad spectral nature of graphene is of particular interest. It operates as an optical absorber
from the UV, through the visible, IR, and into the THz. Its operation in the THz region is also observed
in THz transistors and plasmonic structures. At even lower frequencies it has potential for bolometers
in the GHz and MHz, with particular emphasis on photon counting in these regions, which is of great
interest for microwave quantum experiments and astronomy.

As previously noted, other reviews on this and similar subjects are available, and a few are listed here
in such areas as: graphene photonics [3, 4, 5, 6], graphene electronics [7, 8], plasmonics [9], and 2D ma-
terials and heterostructures [10, 11]. These are a tiny subset of the large (and rapidly growing) field of
graphene and two-dimensional materials. The near future seems to be directed towards molecular-scale
modification of graphene’s material properties (electronic, optic, plasmonic, photonic, etc.) through the use
of heterostructures with other 2D materials as well as functionalization and intercalation of graphene.

Graphene has moved physics with the demonstration of a true two-dimensional material, which quantum
well structures have approached but never fully achieved. The physics revealed by this reduction to two
dimensions has created an explosion of interest, discovery, and application. New two-dimensional materials
and quasi-2D structures are creating exciting opportunities in almost every field. Photonics gains a great
deal from graphene’s unique electrical, mechanical, and optical properties.
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4 Glossary

Brillouin zone: The primitive cell formed in the reciprocal lattice of a periodic atomic structure. Any
momentum can be mapped to a point in the Brillouin zone. By solving the energy-momentum dis-
persion relation (see below) the Brillouin zone representation shows the energy solutions for a given
momentum.[75]

carrier mobility: The proportional relationship of the magnitude of drift velocity per applied electric field.
Mobility is limited by carrier scattering from phonons (high-temperature) and/or lattice imperfections
(low-temperatures).[76]

energy-momentum dispersion: Allowed solutions in a periodic crystalline solid which provide the energy
band structure. Often Bloch functions are used as solutions to the Schrodinger equation to a simplified
model of carrier(s) in a periodic potential.[75]

Dirac point: Certain materials have band structures which are best described by the Dirac equation rather
than the more commonplace Schrodinger equation. The bandstructure in these systems often contains
two conical surfaces in the Brillouin zones. These cones meet at their vertices, and this singularity is
known as the Dirac point.

Fermi level: The term is often used synonymously with the chemical potential (even though these are equal
only at T=0 K, at which point they are equal to the Fermi energy). At T=0, this is the highest filled
energy state. The chemical potential is a function of temperature, and is a parameter in the Fermi-
Dirac distribution function (which gives the occupation probability of an energy state in an ideal
electron gas in thermal equilibrium).[76]

Franz-Keldysh effect: The modification of the band edge by the application of an electric field. This results
in a change in the spectral absorption of the material.

Hall effect: The force on moving carriers in the presence of a magnetic field causes a transverse electric
field to develop and verifies E.H. Hall’s hypothesis (in 1879) that an increased resistance should be
observed.

Quantum Hall effect: The Hall effect in two-dimensional systems show a quantization of voltage
as a magnetic field is continuously varied. The 1985 Nobel prize was awarded to Klaus von
Klitzing for this discovery.

Fractional Quantum Hall effect: The collective behavior of carriers in magnetic fields exhibit char-
acteristics of particles with quantized fractional elementary charge. The 1998 Nobel prize was
awarded to Robert Laughlin, Horst Stoérmer, and Daniel Tsui “for their discovery of a new form
of quantum fluid with fractionally charged excitations.”

Nonlinear susceptibility: Optical susceptibility relates an electric field in a material to the polarization
(or dlpole moment per unit volume), P = XE In optics this is often expressed as a power series:
= x! OE'. The linear susceptibility term has 1 = 1, and the nonlinear susceptibility terms have

i > 1, and are known as the second-, third-, ... i*" -order nonlinear optical susceptibilities.[77]

Pauli exclusion principle: Only one electron can occupy a single quantum state. To put this another way,
no two electrons can have all their quantum numbers equal. [76]
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Peltier effect: The cooling precipitated by an isentropic expansion of an ideal gas (e.g., free electron gas).
For example, in semiconductors when a region of high-electron concentration is allowed to flow to a
region of low-electron concentration, the electron gas expands and performs work to equalize the two
chemical potentials, thereby resulting in Peltier cooling.[78]

Quantum-confined Stark effect: The energy levels created in a quantum confined system are modified by
the application of an electric field. This occurs in the same manner as in atomic physics where the
Stark effect demonstrates the shifting of energy levels in response to an applied electric field. This
technique is often used to modify quantum-confined exciton states.[60]

Responsivity: A measure of the electrical output for a given optical input. The maximum responsivity
varies with wavelength ()\) and with the conversion efficiency of photons to detected electrons (or
quantum efficiency, 1)), and is described by the equation R = n\/1240 [A/W], for A in nanometers.

Surface plasmon polariton (SPP): The coupling of light with the 2D carriers can be described by sur-
face plasmon polariton (SPP) (the term polariton derived from, “coupled electric polarization-photon
waves”).[60]

ultimate tensile strength: (also know as ultimate strength) The maximum stress which can be applied
without breaking a material.

universal optical conductance: A macroscopic manifestation of quantum mechanics in which the optical
(high-frequency) conductance of a material is expected to be frequency independent with a value
G(w) = Go =% - €*/h.[19]

van der Waals force: Force weaker than that of ionic and covalent bonds. Also know as the fluctuating
dipole force. This weak bond is formed by the interaction of closely spaced dipoles which exhibit a
net energy reduction. The force of this bond is weak and falls off rapidly with distance.[80]

van Hove singularity: A critical point occurs when the derivative of the energy with respect to momentum
(dE/dk) is zero. At this point the density of states diverges producing a van Hove singularity. Instead
of reaching infinity, the density of states are finite in a real system. This creates a large joint density
of states and results in a large optical absorption at these singularity points.[60]

Young’s modulus: (also known as elastic modulus) The stress divided by the strain acting in one dimension
on an object.
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